The effects of fragmentation may be variable for species that have seasonal patterns of density and reproduction. We tested whether the effects of fragment size and habitat on reproduction and density varied over the course of the breeding season for the white-footed mouse (Peromyscus leucopus). The relative density of mice changed; in small fragments densities were lower in spring, similar during the midsummer lull, and higher in autumn than in large fragments. Large fragments displayed the bimodal pattern of litter production previously reported for P. leucopus, but small fragments showed a relatively constant number of litters among spring, lull, and autumn reproductive periods. Although no differences were found between edge and interior habitats in density, litter production, and reproductive effort during spring and lull periods, all were higher in edge than interior habitats during autumn. Changes in effects of fragment size and habitat may be mediated by the influence of fragmentation on seasonally important abiotic and biotic factors.
Habitat fragmentation has been shown to have variable effects on species densities and distributions. Although the density of many mammal species does not vary with fragment area (Bowers and Matter 1997; Connor et al. 2000) , some mammals show a positive relationship between density and area, which increases their probability of local extinction as fragment area decreases (Bowers and Matter 1997) . However, some species (e.g., the white-footed mouse [Peromyscus leucopus] and the long-tailed field mouse [Apodemus sylvaticus]) show a negative relationship between population density and fragment area (Anderson et al. 2003; Bowers and Dooley 1993; Bowers and Matter 1997; Krohne and Hoch 1999; Mossman and Waser 2001; Nupp and Swihart 1996; Yahner 1992) . Nupp and Swihart (1996) , summarizing their own data and the results of 8 other studies, found that P. leucopus may reach densities in small fragments that are an order of magnitude higher than densities in contiguous forest.
In addition to reducing contiguous-habitat area, fragmentation also can affect habitat characteristics by inducing abiotic and biotic changes at the forest edge (Murcia 1995) . However, there is no general consensus about how members of the genus Peromyscus respond to edge habitat. Some studies have reported that the densities of Peromyscus in the edge are higher than densities in the interior (Anderson et al. 2003 Bayne and Hobson 1998; Cummings and Vessey 1994; Manson et al. 1999; Sekgoroane and Dilworth 1995; Wolf and Batzli 2002) , whereas other studies have reported no difference in densities of Peromyscus between edge and interior (Heske 1995; Nupp and Swihart 1996; Pasitschniak-Arts and Messier 1998) . Edge effects can further increase population density in small fragments because, due to their geometry, a greater proportion of the habitat area in a small fragment is composed of edge habitat. Thus, fragment size and habitat (edge and interior) may influence the abundance and distribution of P. leucopus.
Population density and reproduction of P. leucopus also are influenced by fluctuations in temperature and food availability over the course of a breeding season (Lewellen and Vessey 1998a; Merritt et al. 2001) . This variation in reproductive activity and population density may be affected by fragment size and habitat (i.e., edge and interior). For example, early in the breeding season (April-June), populations of P. leucopus are at annual low densities (Lewellen and Vessey 1998a; Merritt et al. 2001) . These low spring densities may be due to overwinter mortality as a result of declining food levels and harsh winter weather Vessey 1998a, 1998b; Merritt et al. 2001; . Exposure to harsher winter weather in edge habitat and in small fragments, which have less of a forest buffer, may result in lower survival in these areas relative to interior habitat and large fragments (Pierce and Vogt 1993; Sealander 1951; ).
This mortality and cold temperature may result in lower density and lower per capita reproduction (due to delayed reproduction- Millar and Gyug 1981) , respectively, in small fragments and edge habitat early in the spring.
After the short peak in reproduction during the spring, there is often a brief midsummer lull in reproduction and a decline in density (Rintamaa et al. 1976; Wolff 1986) . Little is known about why populations undergo this midsummer lull and it is not known whether habitat fragmentation may affect this lull (Terman 1987 (Terman , 1993 Wolff 1986) . After the lull, reproductive activity increases and populations reach peak densities (Ostfeld et al. 1996; Wolff 1996b) . The effects of forest edge may be particularly evident late in the breeding season because edge habitat becomes more densely vegetated than interior habitat (Anderson et al. 2003; Gehlhausen et al. 2000; Matlack 1993; Ranney et al. 1981) . This greater vegetation complexity in edge habitat in the autumn may result in higher reproduction and density in edge than interior habitats during masting (Anderson et al. 2003; . Hence, the combined effects of lower overwinter survival and higher autumn reproduction may result in differences in the patterns of density and reproduction between the edge and interior habitats and between small and large fragments over the course of the breeding season Vessey 1998a, 1998b) .
The purpose of the study was to test the hypothesis that fragment size and habitat affect the pattern of reproduction and population density of P. leucopus over the course of the breeding season. We monitored occupancy and reproduction of P. leucopus in nest boxes located in the edge and interior of small and large fragments during the spring breeding, reproductive lull, and autumn breeding periods. Nest boxes are effective for this type of study because they allow direct measures of reproduction and provide density estimates proportional to trap captures (Lewellen and Vessey 1999) . Because the proportion of a fragment composed of edge habitat is higher in small than large fragments, we sampled equal areas of edge and interior habitats and small and large fragments to evaluate the impact of each of these factors on density and reproduction. We predicted that densities in small fragments and edge habitat would initially be lower, because of overwinter mortality ), but then quickly become higher than densities in large fragments and interior habitats, because of higher food availability . Similarly, we predicted that total and per capita reproduction would be lower in small fragments and edge habitat in the spring, not different between areas during the reproductive lull, and then higher in small than large fragments and edge than interior habitats in the autumn.
MATERIALS AND METHODS
Study area.-This study was conducted in 3 small (1-to 2-ha) and 3 large (15-to 100-ha) forest patches within 10 km of Oxford, Ohio. Isolation (i.e., distance to the nearest forested area) of study fragments ranged from 50 to 500 m. Vegetation in the fragments consisted of 2nd-growth, deciduous forest dominated by oaks (Quercus), beech (Fagus grandifolia), maple (Acer), and hickory (Carya) with an understory of honeysuckle (Lonicera maackii), blackberry (Rubus), wild rose (Rosa multiflora), stinging nettle (Urtica dioica), other herbaceous species, and saplings. No differences were found in basal area of hard mast trees, basal area of all trees, or number of trees per hectare between small and large fragments in this study area (Anderson et al. 2003) . The landscape surrounding fragments consisted primarily of agricultural row crops such as corn and soybeans and, surrounding some fragments, mowed pasture and fields. Further information on the study area is provided by Anderson et al. (2003) .
Data collection.-Plywood nest boxes (15 Â 15 Â 15 cm) with two 2.5-cm openings and a pivoting lid were provisioned with polyester fiberfill for bedding. In each patch, we created line-transects of 15 edge and 15 interior nest boxes (n ¼ 180) approximately 1.5 m high on trees that were spaced 15-20 m apart. Previous studies have documented significantly higher abundance, diversity, and cover of shrubs and herbaceous species within 15 m of the abrupt edge relative to areas .20 m from the abrupt edge (Anderson et al. 2003; Burke and Nol 1998; Gehlhausen et al. 2000; Matlack 1993; Ranney et al. 1981) . Thus, edge boxes were placed within 5 m and interior boxes approximately 50 m from the abrupt transition from field to forest. The relatively close placement of nest boxes to the edge may have resulted in underestimation of edge densities; however, this effect is likely to be slight because of the relatively close placement of boxes along the line-transect.
Between May and October of 2002, we checked nest boxes during 10 periods spaced 2-4 weeks apart. During each period, all nest boxes in a given patch were processed within 2 consecutive days. At 1st capture, individuals !8 g were anesthetized with isoflourane and injected with a passive integrated transponder (PIT tag, AVID Identification Systems, Los Angeles, California) subcutaneously in the interscapular area. For each mouse found in a nest box, we recorded the location, identification number, sex, weight, and litter size. After data collection, individuals were immediately placed back in the nest boxes where they were found. Research methods were conducted according to guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998) and were approved by the Miami University Institutional Animal Care and Use Committee.
We used nest boxes for sampling because, in addition to providing data on density, nest boxes provide direct data on reproduction. Analysis of a 22-year data set in which both traps and nest boxes were used shows that nest box captures are proportional to trap captures (Lewellen and Vessey 1999) . Thus, our nest box sampling provided us with estimates of relative density (number of mice captured per transect of nest boxes) of mice in the edge and interior of small and large fragments.
Data analysis.-If we had sampled the entire area of small patches we would not have been able to distinguish if area, edge, or both contributed to differences between small and large patches because the proportion of a patch composed of edge habitat increases as fragment size decreases (Laurance and Yensen 1991) . Thus, we sampled a constant area of edge and interior in small and large fragments. This sampling design allowed us to detect differences resulting from size effects and habitat effects separately.
We used the number of individuals in each time period, which is proportional to population size (Slade and Blair 2000) , as an estimate of relative density. We assumed that nest boxes did not attract individuals from distant areas of a woodlot because P. leucopus is territorial (Wolff et al. 1983) . Population estimates (e.g., minimum number known alive, CAPTURE, or Jolly-Seber) were not used because we were only interested in relative density and because population estimates combine data from multiple capture sessions, which would have decreased our resolution for comparing temporal changes in density (Slade and Blair 2000) .
We used the number of litters and mice (!8 g) captured during each nest box check for analyses. To account for temporal autocorrelation, we used a 3-factor repeated-measures analysis of variance (ANOVA) with size, habitat, and time as main effects to compare density and number of litters of P. leucopus among all 10 nest box checks. These numbers may not be independent because of the inclusion of recaptures of the same litter or individual in different nest box checks. However, evidence suggests that this did not systematically bias our analyses. First, there was a low probability of observing the same litter more than once because of the relatively long length of the intercheck interval (2-4 weeks) compared with the time until weaning (approximately 3 weeks-Jacquot and Vessey 1998). In addition, female P. leucopus with litters frequently change nest sites and move from nest boxes to natural nests where they would not be detected (Havelka and Millar 2000; Sharpe and Millar 1990) . Second, for number of individual P. leucopus, about 30% of individuals were observed during 2 or more time periods, so we tested if there were any significant differences between habitats or patch size classes in the proportion of individuals that were recaptured. For each habitat in each fragment, we identified the total number of individuals captured using PIT tag information and then determined the proportion of those individuals that were recaptured at least once. A 2-factor ANOVA with patch size, and habitat (i.e., edge or interior) as fixed effects revealed no significant size or edge effects in the proportion of mice recaptured (all F 1.91, d.f. ¼ 1, 4, all P ! 0.24). Thus, the observation that about 70% of all individuals were only captured once and that there were no differences in recaptures between fragment size categories or habitats suggests that multiple captures did not systematically bias the effects of size or edge.
Data on reproductive effort (i.e., the number of females with litters divided by the total number of individual adult females) were summed among nest box checks and compared among the 3 breeding periods. We defined the 3 breeding periods as spring breeding (checks 1-4), reproductive lull (checks 5 and 6), and autumn breeding periods (checks 7-10) in accordance with the apparent bimodal nature of reproduction of P. leucopus in this area (Rintamaa et al. 1976 ). The cutoff dates for the periods were based on data from other investigators that suggest the spring breeding period is from April through June, the reproductive lull is during July and August, and the autumn breeding period is from September through November (Rintamaa et al. 1976; Wolff 1985) . These data were analyzed with a 3-factor repeated-measures ANOVA with size, habitat, and period as fixed effects. For all temporal analyses, fragment size was tested using plot (each fragment) nested within fragment size as an error term, and time by size interactions were tested using plot by time interaction nested within fragment size as an error term.
Apparent survival was calculated as the proportion of individuals captured in the spring that were recaptured in the autumn. Data on litter size were pooled across time periods to ensure adequate sample sizes to estimate mean litter size for each habitat of each fragment. Apparent survival, mean litter size, the proportion of males, mean body weight of adult males (weight of females was not used because it may vary with pregnancy status), and the magnitude of population fluctuations (variance in the number of individuals over the 10 sampling periods) were analyzed using a 2-factor ANOVA with size and habitat as main effects. Plot nested within fragment size was used as an error term for testing the main effect of fragment size (Anderson et al. 2003) . A Tukey post hoc test was conducted on least-squares means in each ANOVA test to generate P values for all possible pairwise comparisons. ANOVAs were used because all data sets fit the assumptions of normality (all Kolmogorov-Smirnov P ! 0.12) and homogeneity of variances. Results are reported as mean 6 1 SE.
RESULTS
Density.-Relative density of P. leucopus varied over the course of the breeding season (F ¼ 10.95, d.f. ¼ 9, 36, P , 0.001). Although overall analyses indicated that densities of P. leucopus tended to be greater in small than large fragments (F ¼ 5.44, d.f. ¼ 1, 4, P ¼ 0.08) and edge than interior habitats (F ¼ 5.88, d.f. ¼ 1, 4, P ¼ 0.07), these main effects were not significant because there were significant interactions between size and time, and between habitat and time (Fig. 1) . A significant size by time interaction (F ¼ 4.65, d.f. ¼ 9, 36, P , 0.001) was due to changes in the effects of fragment size on density. For a period in the spring, there was a higher density of P. leucopus in large than in small patches (Fig. 1a) . This pattern then reversed in the autumn, when densities were much higher in small than in large fragments. A significant interaction also was found between habitat and time (F ¼ 2.46, d.f. ¼ 9, 36, P ¼ 0.03). For most of the year no difference was found between edge and interior habitats but during the autumn density was higher in the edge (Fig. 1b) .
The temporal changes in the effects of fragmentation on relative density resulted in a greater variance in the density of mice in small than in large fragments (size effect: F ¼ 12.24, d.f. ¼ 1, 4, P ¼ 0.025). There also was a greater variance in the density of mice among edge than interior habitats (habitat effect: F ¼ 7.87, d.f. ¼ 1, 4, P ¼ 0.049). This habitat effect was primarily driven by a higher variance in density in the edge than interior of small fragments (small edge: 49.4 6 5.9; small interior: 32.4 6 5.9), because the variance was similar between habitats in large fragments (large edge: 16.9 6 0.7; large interior: 18.5 6 5.7; size by habitat interaction:
There was no effect of breeding period, size, or habitat, separately or in any combination, on the proportion of males in patch populations (all F 2.64, d.f. ¼ 1, 20 or 2, 20, all P ! 0.10) or mean weight of adult males, an index of relative condition (all F 1.78, d.f. ¼ 1, 20 or 2, 20, all P ! 0.20). There was also no effect of patch size (
Reproduction.-The effect of fragment size and habitat on the number of litters found in nest boxes depended upon the time of year (Fig. 2) . The significant time by size interaction (F ¼ 2.32, d.f. ¼ 9, 36, P ¼ 0.04) indicates that the pattern of litter production differed among fragments (Fig. 2a) . Large patches displayed the typical bimodal pattern (Rintamaa et al. 1976; Terman 1993; Wolff 1985) of litter production with spring and autumn peaks separated by a midsummer lull (Fig. 2a) . However, for small patches, post hoc analysis of all possible pairwise comparisons of the 10 checks revealed no significant fluctuation in litter production throughout the year, although the number of litters at the last check was marginally greater than at the 1st check (check 1 versus check 10:
The effect of edge on litter production was largest in the autumn (Fig. 2b) , with no difference between edge and interior habitats for the rest of the times sampled (F ¼ 2.06, d.f. ¼ 9, 36, P ¼ 0.06). These patterns in total reproduction were consistent with the patterns of population density among fragments.
There also were significant period (F ¼ 8.99, d.f. ¼ 2, 8, P ¼ 0.009) and period by size (F ¼ 4.93, d.f. ¼ 2, 8, P ¼ 0.04) effects in reproductive effort (i.e., the proportion of adult females !18 g with litters; Fig. 3 ). The pattern of reproductive effort changed from greater in large patches during the spring, to no differences during the lull, and then to greater in the edge of small and large patches during the autumn (Fig. 3) . Litter size was not affected by fragment size ( 
DISCUSSION
Differences were found in the effects of fragment size on the abundance and reproduction of P. leucopus over the course of the breeding season. Overall, our results tended to confirm the negative density-area relationship of P. leucopus reported by other investigators (Anderson et al. 2003; Krohne and Hoch 1999; Mossman and Waser 2001; Swihart 1996, 1998) . However, this relationship was not consistent for the entire breeding season. Relative density was higher in large than small fragments (i.e., a positive density-area relationship) during the spring. This suggests that higher population densities in small than large fragments that have been reported based on data pooled for an entire breeding season (Anderson et al. 2003; Bowers and Matter 1997; Krohne and Hoch 1999; Mossman and Waser 2001; Nupp and Swihart 1996) may not reflect the short-term changes that occur in population density.
Fragment size also affected temporal patterns of litter production. Several previous studies (Rintamaa et al. 1976; Terman 1993; Wolff 1985) have documented a bimodal pattern of litter production for P. leucopus. Examination of our data from large fragments confirms this pattern of reproduction. However, in small fragments we observed relatively constant reproduction throughout the spring, summer, and autumn. The factors responsible for the midsummer cessation of reproduction are unknown but do not appear to be related to food quantity or quality (Wolff 1986) , reproductive inhibition (Terman 1987) , or water availability (Nelson 1993) . Examination of our data provides some support for the hypothesis that density-dependent reproduction may be one factor contributing to the bimodal nature of reproduction of P. leucopus (Terman 1987 (Terman , 1993 . Individuals in large fragments (where density was high during the spring) did not breed during the lull period, whereas individuals in small fragments (where densities were lower during the spring) did reproduce during the lull period. However, experimental manipulation of spring densities in small patches would provide a more direct test of this hypothesis.
The effect of edge habitat on the density and reproduction of P. leucopus varied among reproductive periods. Although in some periods there was no effect of edge, other periods showed substantial differences between edge and interior habitats. Population density, number of litters, and the proportion of females producing litters all were significantly greater in edge than in interior habitats during autumn, but were not different between habitats in spring or summer. Greater reproduction in edge habitat in the autumn may be due to greater food availability (e.g., fruits, seeds, and arthropods) provided by more complex vegetation (Anderson et al. 2003; . Thus, depending on the time period in which they are collected, data from identical locations may suggest either no effect or a positive effect of edge habitat. Temporal changes in the effect of edge may help to explain why past studies conducted during a single reproductive period or using data combined over the entire season (e.g., Heske 1995; Wolf and Batzli 2002) have produced conflicting results regarding relative densities in edge and interior habitats.
Temporal changes in food abundance and weather, which are factors that may affect population size in P. leucopus Vessey 1998a, 1998b; Merritt et al. 2001) , may help explain the observed patterns of density and reproduction. Higher abundance of food in the edge in the autumn may result in greater density and reproduction . Contrary to this positive effect in the autumn, there may be a negative effect of exposure to more extreme abiotic conditions in the edge than the interior in the winter ). An edge effect in temperature may penetrate relatively deep into a forest (e.g., 40 m or more compared with the 15-m effect on shrub and herbaceous vegetation- DaviesColley et al. 2000) and result in high mortality of P. leucopus, a species that is relatively poorly adapted to survive harsh winters (Pierce and Vogt 1993; Sealander 1951; Wolff 1996a ). Higher winter mortality in the edge would be especially pronounced in small patches, whose deepest interior locations may be 50 m from the edge. In support of this hypothesis, we observed higher winter mortality of P. leucopus in small than large fragments and edge than interior habitats . Further support for the cold winter edge hypothesis is provided by the lower per capita litter production of females in small patches in the spring because initiation of breeding in P. leucopus may be delayed by low spring temperatures (Millar and Gyug 1981; Millar and Innes 1985) . Thus, the conflicting temporal effects of food and weather on population abundance may result in changes in the effects of fragmentation. Further investigations of the effects of fragmentation on food availability, temperature, and other abiotic and biotic factors should provide insight into the mechanisms responsible for seasonal changes in the response to fragment size and habitat. 
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FIG.
3.-Comparisons of the proportion of adult female Peromyscus leucopus with litters in small and large patches, and edge and interior habitats during a) spring breeding period (significant size effect), b) reproductive lull (significant size effect), and c) autumn breeding period (significant habitat effect).
